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Ocean Salinity and 
the Global Water Cycle

By Paul J. Durack

THE GLOBAL WATER CYCLE. The ocean contains 
the vast majority of Earth’s water reservoirs, and 

~80% of surface water fluxes occur over the ocean. 
Reservoirs represented by solid boxes: 103 km3, 
fluxes represented by arrows: Sverdrups (106 m3 s–1). 
Sources: Baumgartner and Reichel (1975), Schmitt 
(1995), Trenberth et al. (2007), Schanze et al. (2010), 
Steffen et al. (2010)
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Salinity Processes in the Upper-ocean Regional Study

From Durack 2015 Oceanography

Motivation: Ocean and the global water cycle
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Evaporation – Precipitation (mm/day) 

Moisture source regions: Subtropical oceans

Evaporation>Precipitationà net moisture export: Moisture sources
Precipitation>Evaporationà net moisture input: Moisture sinks
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Oceanic moisture & terrestrial precipitation

Evaporation>Precipitationà net moisture export: Moisture sources
Precipitation>Evaporationà net moisture input: Moisture sinks

continental precipitation, the northern Atlantic subtropical
ocean is the dominant source providing moisture for precip-
itation over vast areas, especially during DJF when its influ-
ence extends from Mexico to parts of Eurasia and from the
Eurasian Arctic to the Amazon. This Atlantic influence on
the Central and South American continent owes to the very

efficient low-level jet systems associated, namely, the
Caribbean low-level jet [Amador, 2009], the South American
low-level jet [Marengo et al., 2004], and the Choco jet
[Poveda and Mesa, 2000] that controls precipitation (mainly
in DJF) over central America, tropical and Subtropical South
America east of the Andes, and tropical Pacific coast of South

Figure 1. Main oceanic moisture sources associated with continental sink regions of the evaporated moisture and changes
associated with the intensity of the source. (top left) Vertically integrated moisture flux for the period 1980–2000, shown as
vectors (measured in kg/m/s), and its divergence, shown as warm and cool colors (measured in mm/yr) for summer (JJA) and
winter (DJF). Data are from ERA-40. (top right) Schematic representation of oceanic moisture source regions and continen-
tal sink regions, for the period 1980–2000, for JJA and DJF. The sources of moisture are the same as in Gimeno et al. [2010,
Figure 1]: NPAC, North Pacific; SPAC, South Pacific; NATL, North Atlantic; SATL, South Atlantic; MEXCAR, Mexico
Caribbean; MED, Mediterranean Sea; REDS, Red Sea; ARAB, Arabian Sea; ZAN, Zanzibar Current; AGU, Agulhas Current;
IND, Indian Ocean; CORALS, Coral Sea. Six of these source regions were defined based on the threshold of 750 mm/yr of the
annual vertically integrated moisture flux calculated for the period 1980–2000 using data from ERA-40 for the oceanic sources.
The Mediterranean and Red Seas were defined using their physical boundaries. E!P fields are calculated by forward tracking
from the defined moisture sources. Continental regions with an E!P value less than !0.05 mm/d are shown using the same
colors as the oceanic source region that contributes their moisture. Overlapping continental regions are plotted with a shaded
mask comprising the relevant colors. (bottom) The composite differences in E!P generated by each moisture source (identified
using the same color scheme as the upper plot) between the average of the five highest intensity of source episodes and the
average of the five lowest intensity seasons, during (left) December–February and (right) June–August. The black contour lines
indicate areas where the absolute values of differences greater than 0.01 mm/d are significant at the 90% confidence level,
according to a bootstrap test permuting the original time series 1000 times.

GIMENO ET AL.: SOURCES ON CONTINENTAL PRECIPITATION
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JJA Gimeno et al 2012, Reviews of Geophysics 



Sea surface salinity: Indicator of oceanic water cycle
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Gimeno et al 2012, Reviews of Geophysics 

DJF

JJA

The oceanic water cycle leaves an imprint on SSS, making SSS “nature’s 
rain gauge”. 

Q: Is SSS a predictor of terrestrial precipitation? 

Evaporation – Precipitation (mm/day) SSS (PSU) 



Definition of North Atlantic SSS indices

March-April-May (MAM) climatology (1950-2009) of SSS (shaded, unit: PSU), moisture flux 

divergence (contours, unit: mm/day) and the divergent component of moisture flux (vectors, unit: 

Kg/m/S) over the North Atlantic. The bold contours are the moisture flux divergence = 0 isoline. 5

Northeast

SoutheastSouthwest

Northwest

Divergent Component of Moisture Flux (Kg/m/S )

SSS (PSU)
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N. Atl. SSS & terrestrial precipitation: Midwest
SSS in NW subtropical N. Atl. leads Midwest summer precipitation

Correlation between Springtime North Atlantic SSS and Warm season (JJA) precipitation: a) Northwest 
index; b) Northeast index; c) Southwest index; and d) Southeast index.

wetdry

JJA Precipitation Anomaly
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What cause rainfall anomaly?

(_c: climatology; _a: anomalies)
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Physical mechanism
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Dual effects of soil moisture on regional water cycle 

High SSS

Increase ocean-to-land 
moisture transport

High precipitation, wet 
soil in the Southern US

Moistening 
boundary 

layer

Intensify 
Great Plains 
Low-level 

Jet

High Midwest 
summer precipitation

Schematic figure showing the mechanism of North Atlantic 
SSS-Midwest precipitation relationship. (See Li et al., 2016 J. 
Climate, 29, 3143-3159. [Illustration by Jack Cook, WHOI] ).
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Data

Subsample-1

Subsample-2

Subsample-n

Subsample-N

Subsample-N-1
Prediction

Y= f1(X)

Y= f2(X)

Y= fn(X)

Y= fN-1(X)

Y= fN(X)

……

Predicting Midwest precipitation using salinity 
Random Forest Algorithm
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Predicting Midwest summer precipitation
Knowledge of NW SSS can improve rainfall prediction in US Midwest   

95% confidence intervalObservations Predictions

19931993
20082008
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Case Study: 2015 US Summer Precipitation
Salty subtropical N. Atl. ~ wet summer in Midwest 

Precipitation anomaly (mm/day)

NW

From Li et al. (2018), 
Climate Dynamics 
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Concluding Remarks
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Salinity provides predictive values to Midwest extreme rain.
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SUPPLEMENTARY FIGURES
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N. Atl. SSS and Terrestrial Precipitation: Sahel
SSS in NE subtropical N. Atl. leads Sahel monsoon precipitation

Correlation between Springtime North Atlantic SSS and Warm season (JJA) precipitation: a) Northwest 
index; b) Northeast index; c) Southwest index; and d) Southeast index.
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North Atlantic salinity as a predictor
of Sahel rainfall
Laifang Li,1* Raymond W. Schmitt,1 Caroline C. Ummenhofer,1 Kristopher B. Karnauskas2

Water evaporating from the ocean sustains precipitation on land. This ocean-to-land moisture transport leaves an
imprint on sea surface salinity (SSS). Thus, the question arises of whether variations in SSS can provide insight into
terrestrial precipitation. This study provides evidence that springtime SSS in the subtropical North Atlantic ocean
can be used as a predictor of terrestrial precipitation during the subsequent summer monsoon in Africa. Specifically,
increased springtime SSS in the central to eastern subtropical North Atlantic tends to be followed by above-normal
monsoon-season precipitation in the African Sahel. In the spring, high SSS is associated with enhanced moisture flux
divergence from the subtropical oceans, which converges over the African Sahel and helps to elevate local soil
moisture content. From spring to the summer monsoon season, the initial water cycling signal is preserved, amplified,
and manifested in excessive precipitation. According to our analysis of currently available soil moisture data sets, this
3-month delay is attributable to a positive coupling between soil moisture, moisture flux convergence, and
precipitation in the Sahel. Because of the physical connection between salinity, ocean-to-land moisture transport,
and local soil moisture feedback, seasonal forecasts of Sahel precipitation can be improved by incorporating SSS
into prediction models. Thus, expanded monitoring of ocean salinity should contribute to more skillful predictions
of precipitation in vulnerable subtropical regions, such as the Sahel.

INTRODUCTION
Terrestrial precipitation heavily relies on moisture evaporating from the
ocean surface (1–9). Indeed, oceanic evaporation is the origin and largest
element of the global water cycle, exceeding total river flows by an order
of magnitude (1, 4, 5, 9) and dominating the freshwater budget at global
and regional scales (3, 6, 7). Furthermore, the water cycle is closely coupled
to the global energy balance, in that the latent heat associated with evap-
oration is the largest energy transfer mechanism (more than 88Wm−2) from
ocean to atmosphere to balance the radiative heat flux into the climate
system (10–12). Thus, the ocean-to-land moisture flux has important
implications for maintaining the global water and energy balances (6).

This moisture exchange process leaves its imprint on the sea surface
salinity (SSS) pattern, both spatially and temporally (4, 9, 13–23). Glob-
ally, high-SSS regions are located where evaporation exceeds precipita-
tion, that is, a net loss of freshwater from the ocean surface (1, 4, 5).
Over large regions of the subtropics, evaporation can exceed precipita-
tion by 1 to 2 m per year, representing an energy export to other re-
gions of 75 W m−2 for every meter per year of net water loss. That is,
high-salinity regions are major sources of moisture and latent heat for
the rest of the climate system, implying that salinity should be a val-
uable indicator for understanding variability in the water cycle (9, 15).
This provides motivation for investigating the relationship between
ocean salinity and terrestrial precipitation.

Previous studies have focused on the “response” of ocean salinity
to the water cycle, treating salinity as a passive indicator of local fresh-
water forcing (17–23). As the atmosphere serves to bridge the water
cycle of the ocean and adjacent land, whether and how salinity can be
used as a predictor of terrestrial precipitation are the questions investi-
gated here. This study provides evidence that SSS over the subtropical
oceans can serve as a seasonal predictor of terrestrial precipitation,

focusing on the subtropical North Atlantic and the African Sahel, where
monsoonal precipitation is critically important for human health, agri-
culture, and socioeconomic stability (24).

RESULTS

Salinity and Sahel precipitation
To examine the relationship between SSS and precipitation, we applied
singular value decomposition (SVD) (25) to the covariance matrix of
African precipitation and Atlantic SSS anomaly (SSSA) data for the
period 1950–2009 (see Materials and Methods). The precipitation data
are from the National Oceanic and Atmospheric Administration (NOAA)
Precipitation Reconstruction over Land (Prec/L), and the salinity data are
from the Hadley Centre EN4.1.1 archive (see Materials and Methods).
The SSSA signal leads precipitation by one season, indicating potential
predictive skill for terrestrial precipitation over Africa (Fig. 1). Specifically,
the leading SVD mode (that is, SVD-1) explains 44% of the variance be-
tween springtime [March-April-May (MAM)] SSSA andmonsoon-season
[June-July-August-September (JJAS)] precipitation over Africa. The signif-
icant precipitation signal appears over the Sahel (10°N to 20°N, 20°W
to 30°E) (Fig. 1B), and the corresponding SSSA signals are over the sub-
tropical North Atlantic and South Atlantic (Fig. 1A). SVD-1 has stronger
loading over the subtropical North Atlantic than its southern hemispheric
counterpart (Fig. 1A). Consistent with the spatial distribution of SVD-1,
the SSSA and precipitation SVD time series are significantly correlated
with SSS in the North Atlantic box (R = 0.88) and precipitation in the
Sahel box (R = 0.95), respectively (Fig. 1C; see Materials and Methods).

The lead relationship between springtime SSSA and African monsoon-
season precipitation as shown in SVD-1 can be verified by a cross corre-
lation between African monsoon-season precipitation and SSSA in the
subtropical North and South Atlantic (Fig. 2 and figs. S1 to S3, A and B).
Consistent with Fig. 1, the most coherent and significant correlation is
between springtime North Atlantic SSSA and summertime precipitation

1 Physical Oceanography Department, Woods Hole Oceanographic Institution, Woods
Hole, MA 02543, USA. 2Department of Atmospheric and Oceanic Sciences and Coop-
erative Institute for Research in Environmental Sciences, University of Colorado Boul-
der, Boulder, CO 80303, USA.
*Corresponding author. Email: lli@whoi.edu
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Puzzle 1: What Causes SSS Anomalies?
Increased moisture flux divergence away from the local ocean results 

in higher SSS over the NW subtropical North Atlantic

Northwes
t

Moisture flux divergence  
anomaly (mm/day)

Anomalies of the divergent component of moisture flux (Kg/m/S )
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Puzzle 2: What Cause Rainfall Anomaly?
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Increased summer rainfall in the Midwest results from a combination 

of dynamic and thermodynamic processes
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JJA Lower tropospheric a) wind anomalies 
(vectors, units: m/S) and b) moisture content 
anomalies (shaded, units: g/Kg) composite 
on North Atlantic northwest SSS index. In a) 
the shaded is the climatology of JJA moisture 
content (unit: g/Kg); and in b) the vectors are 
the climatology of lower-tropospheric wind. 

23

Lower Tropospheric Circulation Features

Intensification of Great Plains 
Low-Level Jet (GPLLJ) à
Dynamically increase moisture 
convergence in the Midwest

Intensification of meridional
moisture gradient along 36N à
Thermodynamically increase 
moisture convergence in the 
Midwest

Wind Anomaly

Wind Climatology Humidity Anomaly

Humidity Climatology

b)

a)
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Puzzle 3: What Extend Springtime SSS Signal to 
Summer Precipitation?

Precipitation  Anomaly (mm/day)

Effects #1: 
Increased soil moisture à
moisten the lower troposphere
à Thermodynamic effects on 
moisture flux convergence
Effects #2: 
Increased east-west soil 
moisture gradient along the 
southern slope of the 
Rockiesà intensify GPLLJ à
Dynamic effects on moisture 
flux convergence

Springtime SSS signal is extended to summer precipitation due to 
the dual effects of soil moisture on regional water cycle.

Soil moisture content anomaly
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Summary: “SSS-Midwest Rainfall Relationship”

Spring SSS

Summer Precipitation

Puzzle 1: What cause 
SSS anomalies? 

Puzzle 2:
What causes rainfall anomalies?

Puzzle 3: What extend 
the springtime signal?

Spring to Summer

Increased local 
moisture export results 
in higher SSS over the 
NW subtropical North 
Atlantic

Both atmospheric dynamics 
(intensification of low-level jet) and 
thermodynamics (increases in moisture 
content) contributes to increased 
precipitation in the Midwest

Soil moisture extends the 
initial moisture flux 
signal and provides dual 
effects on rainfall. 

NW SSS is a physically meaningful predictor of Midwest rainfall 



JJA Lower tropospheric a) wind anomalies 
(vectors, units: m/S) and b) moisture content 
anomalies (shaded, units: g/Kg) composite 
on North Atlantic northwest SSS index. In a) 
the shaded is the climatology of JJA moisture 
content (unit: g/Kg); and in b) the vectors are 
the climatology of lower-tropospheric wind. 
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Lower Tropospheric Circulation Features

Intensification of Great Plains 
Low-Level Jet (GPLLJ) à
Dynamically increase moisture 
convergence in the Midwest

Intensification of meridional
moisture gradient along 36N à
Thermodynamically increase 
moisture convergence in the 
Midwest

Wind Anomaly

Wind Climatology Humidity Anomaly

Humidity Climatology

b)

a)
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Springtime NW SSS and US Precipitation

Precipitation  Anomaly (mm/day)



Predicting Midwest Precipitation Using NW SSS: 
Random Forest Algorithm

28

Data

Subsample-1

Subsample-2

Subsample-n

Subsample-N

Subsample-N-1
Prediction

Y= f1(X)

Y= f2(X)

Y= fn(X)

Y= fN-1(X)

Y= fN(X)

……
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Figure 2 | US Midwest daily 
precipitation versus specific 
humidity (upper panel) and 
500hPa vertical motion (lower 
panel). The bars are averaged 
precipitation rate at each 
humidity and vertical motion 
quantile. The error bars are the 
95% uncertainty range of the 
precipitation. The red lines are 
the threshold value of US 
Midwest extreme precipitation.  
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Figure 3 | Probability density function 
of US Midwest specific humidity 
(upper panel) and 500hPa vertical 
motion (lower panel) in the summer 
season. The black curves are the 
normal year condition. The red 
curves are the years with top decile
SSS in the subtropical North Atlantic. 
The dashed line is the threshold 
value of thermodynamic and dynamic 
condition needed for extreme 
precipitation.  
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Predicting US Midwest Summer Precipitation
Knowledge of NW SSS can improve rainfall prediction in US Midwest   

Climate Indice Correlation with 
NW SSS

AMO -0.09

AO -0.03
NAO -0.06

Nino 3.4 0.04

Nino 4 -0.03
PDO -0.14

TNA -0.10

TSA -0.05
WHWP -0.05

95% confidence interval

Observations
Predictions

R2 = 0.41

R2 = 0.16



Figure 2 | MAM salinity (blue 
contours) in the 4 subdomains 
of subtropical North Pacific: a) 
Northwest, b) Northeast, c) 
Southwest, d) Southeast. The 
red lines are linear trend of the 
salinity index. The black 
contours are the detrended
salinity time series.   
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SE

NENW

SW

Figure 4 | MAM salinity (blue 
contours) in the 4 subdomains 
of subtropical North Atlantic: 
a) Northwest, b) Northeast, c) 
Southwest, d) Southeast. The 
red lines are linear trend of the 
salinity index. The black 
contours are the detrended
salinity time series.   

North Atlantic Subtropical 
SSS Indices
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Salinity Precursor and US Drought



Summary

• SSS over the northwestern portion of the subtropical 
North Atlantic is indicative of summer precipitation 
over the US Midwest

• The SSS-Midwest precipitation relationship is 
established through ocean-to-land moisture 
transport and the dual effects of soil moisture on 
regional water cycle

• The SSS indices outweighs SST-based predictors in 
seasonal forecast of Midwest summer precipitation
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North Atlantic SSS Provides Predictive Value to summer 
precipitation over the US Midwest



36

SST Predictors North Pacific 
SSS

North Atlantic 
SSS

Concluding Remarks

The most important predictor for US 
summer (JJA) precipitation 
according to the random forest 
algorithm: gray shaded denotes 
regions where SST predictors (the 
first two SSTA mode time series in 
each of the three ocean basins ) have 
the most skillful prediction. The blue 
and red shaded are where the most 
important predictor is North Pacific 
and North Atlantic SSS, respectively.

• North Atlantic subtropical SSS 
is most important for prediction 
precipitation over the US 
Midwest.  

• North Pacific subtropical SSS is 
the most important predictor for 
summer precipitation over the 
North American monsoon 
region.

SSS provides important skill to predict terrestrial precipitation


